Challenges in modern biology demand shifting focus from componentsçgenes and proteinsçto their interacting whole. Integrating information from multiple genomic datasets is seen as a means to this end, capable of providing robust and accurate ways to unravel these functional associations. Integrative strategies, both novel and adapted from other well-studied organisms, are being employed in the model plant Arabidopsis thaliana to interpret genomewide expression, metabolic profiling and protein interaction studies. Exciting inroads are being made in mining and interpretation of developmental, physiological and environmental-response 'programs' using sequence and functional information. The fundamental transcriptional regulatory logic is emerging in Arabidopsis, presently revealed as isolated conditional, spatial or temporal regulatory 'modules'. This immediately calls for efforts towards assembling these building blocks together into a unifying model, thus creating standards for future work to compare with. As a young field, Arabidopsis systems biology is ripe with such an opportunity, now scarcely realizable in other model organisms.
INTRODUCTION
Arabidopsis thaliana, a common weed, has become the primary experimental plant model in a reductionist approach to dissect different aspects of plant biology [1] . Arabidopsis was originally chosen as a genetic model because of its small size, simple growth requirements, short generation time and abundance of seed for genetic analysis. Genetic transformation can now be performed in any laboratory by simply dipping or spraying the young flowers in a bacterial suspension containing a plasmid for transfer to the genome. This methodology has facilitated the generation of millions of insertional mutants that are available for genetic analysis. Extensive genetic diversity exists in the species in the form of ecotypes adapted to diverse locations around the world, which display tremendous phenotypic variation as well as DNA polymorphisms. As a model for complex eukaryotes with the advantage of being amenable to desired genetic manipulations, and as a reference for crop plants, Arabidopsis unites the understanding of biological phenomena and its application.
The Arabidopsis genome sequence of around 125 Mb size was completed in 2000 [2] , and has been annotated to contain 27 029 protein coding genes, 3889 pseudogenes/transposable elements and 1123 non-coding RNAs to make a total of 32 041 genes (TAIR7 release, http://www.arabidopsis.org/). Continuing efforts of the Arabidopsis community have resulted in the development of a number of genetic tools such as insertion mutagenesis to mutate all the genes [3] , gene expression resources and other functional genomics tools to enable the dissection of a multitude of biological processes (http://www. arabidopsis.org/portals). The objective of the Arabidopsis community is to establish the function of all Arabidopsis genes by the year 2010 [4] . Meanwhile, the emerging era in plant biology is focused on the genomics-based data collection and individual gene studies to make sense in a systems view.
TOO MUCH DATA! BUT, NOT ENOUGH DATA!
Genome-wide high-throughput techniques like DNA sequencing, gene expression, metabolic profiling and large-scale detection of physical interaction have, like in any other organism, revolutionized research and discovery in Arabidopsis. They generate an overwhelming amount of data about the identity and/or levels of various molecules in the cell that make up its cellular state, providing a thorough read of the system under consideration in highdimensional space. But, each of these methodologies provides a snapshot of a slice through the complex cellular system, only slightly more expansive when these measurements are repeated across a spatial or temporal scale. Also, any of these methods by themselves produce very noisy data (due to experimental and biological variations) that have to be carefully analyzed and interpreted. The golden dream of systems biology-to understand cellular processes as interconnected and interdependent substructures all in the context of biological function and behavior-can be begun to be realized, as a first step, only by drawing information of many of these experimental and other knowledge-based data and integrating them to derive the underlying structure of the system. The advantages and themes of data integration are: (i) support from multiple distinct evidences increases the confidence in any inference, and (ii) because different datasets cover different subsets of the whole system, their integration can increase the coverage of the search.
MINING GENE-EXPRESSION PROFILES
Several novel integrative strategies, along with those adapted and extended from other well-studied organisms, are being increasingly used in Arabidopsis research to maximize the interpretation from large-scale experiments, especially genome-wide expression studies. The immense interest in gene expression profiling stems, partly, because transcriptional regulation is a favorite point of control, both theoretically and practically. Transcriptional regulation is immediately seen as the conditional turning on or off of genes, which is assumed to directly correlate to presence or absence of their effect inside the cell (Box 1). Not surprising is it, then, that most of the efforts towards engineering cellular systems still focus on directly changing gene expression features (for example [5, 6] ).
The final goal of these efforts is to elucidate the transcriptional regulatory network underlying all the processes happening in the cell, covering all the genes in the genome, from regulatory to structural, signaling and catalytic molecules, under all conditions. Results from current studies are lighting up small isolated parts of this network, in the form of regulatory programs, each consisting of a few candidate regulatory (transcription factor; TF) genes and their targets tied together using anything from predicted functional associations to verified physical interactions. Many such developmental, physiological and environmental-response programs are being mined in Arabidopsis using integrative approaches that generally involve gene expression correlations, functional classification and regulatory sequence information.
Box 1: Regulation of gene expression is extremely complex
Regulation of gene expression-the control of the amount and timing of production of the functional product (RNA/protein)-is very intricate in complex organisms, and especially in higher eukaryotes. Gene expression can be modulated in several ways by affecting one of the following cellular processes/states: chemical or structural modification of DNA/chromatin, transcription, translation, post-transcriptional modification, RNA transport and degradation and post-translational modification. So, it is important to understand the immense simplification that is made when gene expression as measured by microarrays is considered to correlate with gene function, when what is assayed is just the regulation of transcription. The other point to keep in mind is that the process of transcription itself is extremely noisy. See Box 2 of [7] for an extensive explanation of the sources of noise in transcription.
Genome-wide gene expression profiling is done mainly using the microarray technology that measures the expression levels of all the queried genes by quantifying the concentrations of the corresponding mRNAs isolated from a sample of a tissue of a given type, in a given condition, at a given time. Functional classification refers to assignment of descriptive terms to genes based on their broad functions or biological processes they participate in. Such classifications have come of age due to concerted efforts to standardize descriptions using controlled vocabulary such as Gene Ontology (GO) [8] . Regulatory sequences here refer to the cis-regulatory elements (CREs) or motifs present usually in the proximal promoter region and bound by transcription factors to regulate the expression of adjacent genes [and hence, also called transcription factor binding sites (TFBSs)].
In the rest of the review, we will highlight, through different sections, several studies in Arabidopsis that integrate these different datasets using unique and derived approaches to mine regulatory programs. One of our main purposes would be to scan the whole breadth of methodologies applied and the richness of the results obtained.
COEXPRESSION VERSUS COREGULATION
The basic assumption of all functional genomic studies on gene expression is that genes with similar expression profiles (coexpression) are regulated by the same mechanisms (coregulation) and participate in the same or similar function. This tenet is supported by quantitative analysis of coexpression data [9] suggesting that both genes with strongly correlated mRNA expression profiles and those with similar functional annotations are more likely to have their promoter regions bound by a common TF. It is also found that combining expression data with functional annotation results in a better predictive model than using either data source alone.
Coexpression between two genes (correlation between their expression profiles) is quantified using a distance metric measuring the distance between their expression vectors, which for each gene is an array of values of expression of that gene across many experiments. Such a measure can be used to build coexpression networks of genes where genes are connected to each other when they have a high degree of correlation across experiments. Such networks can be readily used to generate several hypotheses about other members of the same pathway, physical interactors, regulators etc. Coexpression networks are being used extensively in Arabidopsis research, for assigning gene functions to undefined genes [10] or novel pathway members [11] . Using coexpression data for knowledge discovery in general has been recently reviewed [12] , and therefore only specific applications are discussed below.
INFERRING REGULATORY PROGRAMS
Microarray experiments produce multi-dimensional expression readouts of all the genes in a genome (those accessed by the platform) and it is hard to immediately discern the meaningful set of genes and hence the biological processes and pathways coordinating the cellular responses recorded by the experiment. From the raw data, expression levels of individual genes have to be obtained after background correction, normalization and summarization procedures. For the comparison of interest between the two biological states (e.g. treatment versus control; mutant versus wild-type) an expression ratio of each gene is then obtained and tested for statistical significance to declare the consistently changed genes (across replications, based on their P-value at a desired level of significance after correcting for multiple hypothesis testing) as differentially expressed. So, for every comparison, all genes have an expression ratio associated with it and a subset of the genes is declared 'differentially expressed'. Two excellent reviews [13, 14] written for plant biologists discuss these ideas and their practical considerations more rigorously.
Gene expression clustering coupled with whole-genome functional annotations
The lists of differentially up-and down-regulated genes are usually interpreted by searching for the presence and distribution of genes in different functional categories (e.g. GO or gene families) [15] . The significance and rank of the association of any category with the regulated genes is assessed using a test for enrichment like the one-tailed Fisher's exact test [16] , commonly implemented based on the hypergeometric distribution. Such an analysis allows the decomposition of the up-and downregulated lists into clusters of genes that participate in a similar biological process or pathway (Box 2).
Several web-based tools are available for performing GO enrichment analysis in Arabidopsis including CLENCH [17] , EasyGO [18] and FatiGO [19] .
A more powerful approach is to cluster the differentially expressed genes based on their gene expression profile similarity, and test these clusters for functional enrichment. This was demonstrated by a comprehensive analysis of a large dataset of microarray expression profiles [26] using clustering, principal component analysis (PCA), GO category and gene family enrichment and expression correlation to gain insights into the regulatory programs controlling development in Arabidopsis. The use of clustering originates from the assumption that genes with similar expression profiles have some characteristic in common, such as being functionally related (e.g. involved in a particular biological process or pathway), or being regulated by the same set of transcription factors. Clustering also makes the data more comprehensible and interpretable. Several clustering algorithms have been proposed and the choice depends on the data [27, 28] . A combination of these methods has also been suggested to be useful [29] . Hierarchical clustering and PCA, which model linear relationships between genes, have been extensively used to analyze Arabidopsis data, but non-linear dimension reduction techniques are being introduced that are suggested to be superior to these conventional approaches [30] .
Many tools offer capabilities for clustering gene expression in general, but only a handful among them is compatible with Arabidopsis data when additional analysis of the resultant clusters is required. The TM4 suite [31] was one of the first microarray data analysis toolboxes packed with several tools for classification, dimension reduction, functional annotation and statistical analysis used in Arabidopsis gene expression analysis. Software like MAPMAN [32, 33] are extensively used by Arabidopsis researchers to project their expression data onto pathway structure (see below), but this tool also allows clustering of the expression data and using each derived cluster for pathway enrichment analysis and visualization. Several of the high quality microarray datasets in Arabidopsis are from time-course experiments (e.g. AtGenExpress [34] ), where gene To interpret a given comparison of gene expression, the conventional approach is to delineate and focus on a list of differentially expressed genes based on a P-value cutoff after statistical testing and correction for testing multiple hypotheses. There are a few major limitations in this approach [20] :
(1) After correcting for multiple hypotheses testing, no individual gene may meet the threshold for statistical significance, because the relevant biological differences are modest relative to the noise inherent to the microarray technology. (2) Alternatively, one may be left with a long list of statistically significant genes without any unifying biological theme, in which case interpretation can be daunting and ad hoc. To overcome these limitations a gene set enrichment analysis (GSEA) was proposed [20] , which provides an enrichment score that quantifies the degree of enrichment of a gene set at the top or bottom of an ordered gene list derived from the experimental data set. The ordered list is the list of genes ranked according to their level of significance (increasing P-values), and gene sets are defined based on prior biological knowledge (for example, GO categories, members of a metabolic pathway, targets of a given TF etc.). Other statistical methods of performing GSEA are continually being developed [21, 22] . So, for example, instead of selecting for differentially expressed genes using a P-value cutoff, GO enrichment could be carried out using the total set of rank-ordered genes [23] , as is being increasingly used in Arabidopsis gene expression research [24] . Tools like GeneTrail [22] and FatiScan [25] provide GSEA capabilities for Arabidopsis data.
expression changes in response to a particular biological process or condition has been recorded for a few (3-8) time points. In such short time-course experiments, many genes may have the same expression pattern just by random chance, and there are no time series repeats for cycling processes. Software like STEM [35] are well-suited for such data, while they also take into account the temporal nature of the experiment unlike general clustering methods. STEM, in particular, also integrates GO enrichment analysis. As previously noted, for general grouping of gene expression data, hierarchical agglomerative clustering is widely used, but the result is one continuous nested tree connecting all genes. Distinct clusters are usually discerned by cutting the tree at a particular level, or at different levels based on the degree of similarity between levels. The software MultiGO [36] offers another dimension to such analysis by using GO annotations to identify an optimal cut in the tree that maximizes functional enrichment of all the severed sub-trees. Performing hierarchical clustering, for instance, on both the genes and samples will allow the identification of global expression signatures: genes that show correlated expression across experimental conditions related by some identifiable criterion such as tissue type, developmental/differentiation state or signaling response. But, since the clustering of genes (or conditions) is based on the correlation across all conditions (or genes), subsets of coregulated genes that might only be coexpressed in a subset of the conditions (displaying almost complete independence in the rest) will be lost. Classical clustering algorithms also have the drawback of assigning each gene to a single cluster, while many genes can be involved in different biological processes depending on the cellular context and, therefore, they might be coexpressed with different groups of genes under different conditions. Solutions to such challenges have been proposed and applied to Arabidopsis datasets. Fuzzy k-means clustering [37] , capable of identifying overlapping clusters, has been used to analyze an integrated compendium of stress gene expression datasets to elucidate clusters of genes characterizing the response to individual and combination of all stresses [38] . The use of biclustering methods, which perform clustering in the two gene-condition dimensions simultaneously, has also been initiated in Arabidopsis to mine local expression signatures [39, 40] .
Many time-course and conditional response experiments exist for other species, which are hard to compare because of discrepancies in the platform or non-identical experimental conditions and controls. A unique resource in ArabidopsisAtGenExpress [34] -contains genome-wide expression profiling data from a large and diverse collection of conditional time-course experiments (encompassing a wide range of abiotic and biotic treatments, the application of plant hormones and chemical treatments) using the same technology platform and reference conditions. This data can immediately be seen as three-dimensional gene-condition-time profiles. This 3D dataset has been analyzed [41] using a two-step clustering approach, to first cluster the genes over all time-points under one condition and then, as a second step, follow the identified significant clusters through the condition dimension. In this manner, the initially discovered clusters were classified into coherent (similar response under all conditions), single-response (specific response to a single condition), or individual-response (coregulated under different conditions with different response patterns) programs, depending on the profile patterns that emerge when viewed across conditions. Biological processes captured by these programs were identified using GO categories.
Promoter analysis and assignment of regulatory mechanism
Evolutionarily increasing diversity of TFBSs/CREs is thought to cause the progressively complex gene expression correlating with organismal complexity [42] , and these elements are believed to encode in the genome, the organisms response diversity-the spectrum of gene expression states induced by different environmental and extracellular conditions [43] . Genes that are differentially expressed in response to a large number of different external stimuli are therefore expected to contain more distinct CREs in their upstream regions than are genes that respond to only few environmental cues. This has been confirmed in Arabidopsis [44] where multi-stimuli response genes have been shown to contain an increased absolute CRE count, CRE density and have more paralogs, which might be important for 'shifted and novel response scope' of these genes in addition to allowing a greater dynamic expression range.
Hence, characterization of the promoter sequences of the coexpressed genes to delineate their CRE compositions would give additional insights into the exact regulatory mechanism that drives the expression of these genes. If these CREs are associated with particular TFs or TF families, then their composition can be directly used to propose candidate regulatory molecules [45] . Most microarray studies take this additional step of assigning a combination of CREs to infer cis-regulatory programs or 'modules' from functionally enriched gene expression patterns [46] (Figure 1) .
Relevant CREs are usually identified by using experimentally verified elements to seed the search to identify subsets of them that are enriched among coexpressed genes. Novel CREs are similarly identified among coexpressed genes using enrichment of 3-8mer sequences. Both known and novel CREs can be verified for functional significance by checking for their conservation across species, the assumption being that orthologous genes exhibit a common regulatory mode [47] .
Computational algorithms, including machine learning approaches [48] , have been proposed for Arabidopsis that use coexpression and CRE composition data to identify motifs that provide discriminatory information for predicting the expression patterns of genes. Two other complementary methods to mine such relevant CREs have been proposed [49, 50] . In the first approach, coregulated gene lists are searched for enriched CREs. For each candidate CRE, all the genes in the genome containing that element are identified and tested against expression data to confirm or reject that the element is correlated with induction or repression of gene expression. In the second method, the set of genes in the genome containing a particular CRE is first recovered, noting for its behavior in different microarray experiments. CREs are deemed 'functional' when their set of genes contain a number of induced/repressed genes significantly different than from a similarly sized set chosen randomly from the genome.
A biclustering approach has been used to mine cis-regulatory modules in the 3D AtGenExpress dataset [51] . The three program categories defined in the previous work [41] were used as definitions for a random sampling of the dataset. Each such sample was iteratively refined (by removing gene and conditions) and stored if it matches a program definition. Recovered clusters were then merged (to remove redundancy) and extended to ensure gene and condition maximality, and then associated with GO categories and CREs based on their enrichment among the constituent genes. In another study, the generic stress response in Arabidopsis was elucidated on a global scale by integrating and analyzing gene expression profiles measured under different abiotic, biotic and chemical stresses [38] . Fuzzy k-means clustering was used to resolve the genes into 180 coexpression groups, which were then subjected to functional (GO) and CRE enrichment analysis. Several known and novel pathways and motifs emerged that together define the ubiquitous and specific stress-response modules. The stressresponse modules were finally used to characterize root-specific response to stress by intersecting them with clusters similarly resolved from root gene expression data. A simple and elegant methodology was applied to infer cold acclimation modules by logically superimposing CRE composition and (experimentally determined) TF-CRE correspondence onto time-course gene expression profiles [52] . First, the CREs (associated with a TF) overrepresented among the differentially expressed were identified and the genes containing a common set of CREs were deemed putative target clusters. Targets in each such cluster that were (significantly) regulated in the same or next time-point as that of their TF were then chosen for evaluating their expression coherence. Subsets of these highly coexpressing genes were finally declared as being regulated by the TF.
Associating multiple, rather than individual CREs to each gene in a coexpression group lends more support to its correlated expression arising from a common regulation program. Such CRE-gene combinations have been modeled as regulatory bicliques, mined using biclustering of a CRE-gene matrix and assessed for significance based on a combination of the multi-CRE enrichment score and the expression coherence of the target genes [53] . The tools ModuleFinder and CoReg were developed to identify gene-condition biclusters (see above) with a hierarchically clustered gene tree that is then used to assign a CRE at different levels of the tree [54] . This is done assuming that the tree structure of the expression data is a reflection of patterns of CREs in promoter regions of the gene involved. In another effort to identify generic regulatory modules in Arabidopsis, a two-way clustering procedure [55] was employed to build on a previous strategy [56] . Starting from a set of 34 CREs enriched in sets of genes coexpressed across several microarrays, clusters of genes with similar CRE combinations in their promoters were delineated. Next, within each such cluster, groups of coexpressed genes were identified. Finally, motif detection was applied and CREs evolutionarily conserved (across Arabidopsis and a related species, poplar) were retained. In a very recent study [57] , a seamless pipeline involving expression pattern discovery and promoter analysis was used to characterize CREs involved in the cyclic regulation of gene expression by light and circadian clock.
Several web-servers house CRE information for Arabidopsis genes [58] and provide tools to identify and visualize CREs enriched in a set of genes of interest to the user [59] [60] [61] [62] . Other web-tools combine either clustering of gene expression data or identification of coexpressed genes to analysis of CRE content [63] [64] [65] [66] .
CONCLUSION
All methods discussed above give rise to regulatory programs in Arabidopsis to varying degrees of detail. While some simply classify genes into coexpression clusters participating in different biological processes, others have been able to assign candidate CREs to sketch out regulatory modules. Still others have gone further to assign a TF (or a TF family) to these modules based on temporal evidences. All the regulatory programs identified thus far have aided in understanding of cellular response in Arabidopsis to external stimuli and internal physiological changes. It is easy to imagine that each of these modules is a highlighted portion of the underlying global transcriptional regulatory network active in a specific condition, time or cell-type. To foster systematic growth of systems-level knowledge in Arabidopsis, these modules have to be unified, annotated and deposited as a single resource amenable for metaanalyses (Box 3) to serve as a reference for any future integrative bioinformatics work. This possibility of being able to organize all the discovered knowledge under one roof exists in the case of Arabidopsis as against other model organisms where a huge number of methods and results have already been produced, making it almost impossible to reconcile all the data. The global regulatory network can then be constructed by sequentially integrating experimentally verified [73, 74] and predicted [75, 76] largescale protein-DNA and protein-protein interactions (physical interaction network) along with other 'influence' interactions between genes (the genegene network), and using specialized data integration frameworks [77] [78] [79] for systematic consolidation of diverse data-types. Recent efforts in this direction have helped shed light on transcriptional [80] and protein [81] interactions on a genome-wide scale. Data relating to transcriptional regulation, promoter sequences of the genes and their cis-elements, and transcription factors and their targets, have been brought under one roof [80] . From an example in humans [82] , a similar probabilistic approach has been taken to bring together various evidences to predict protein interactions [81] . Pathway information is also being made increasingly available for Arabidopsis in integrated databases (Arabidopsis Reactome; http://arabidopsisreactome.org/). Analysis methods that take advantage of the connectivity of the genes in these networks and pathways [83, 84] (over treating them merely as sets of genes; see Box 2) would help in mining more knowledge about how genes function together to carry out biological processes.
Synthesis to understanding and application
Unifying data and concepts from model plants to apply to the diversity of crop plants is also taking place at a rapid rate with the availability of draft genome sequences and subsequent functional genomics tools. The role of Arabidopsis is to provide a reference genome with functions of genes established by experimentation that can be extrapolated using comparative genomics to diverse plants.
It is generally accepted that many plant traits such as yield and resistance to biotic/abiotic stresses are complex and cannot be only understood at the single gene level. Therefore, the expectation is that Arabidopsis systems biology can provide working models to understand and apply knowledge gained for plant improvement.
Box 3: Meta-analysis
Where the term 'analysis' is used to describe the quantitative approaches to draw useful information from raw data, the term 'meta-analysis' refers to the approaches used to draw useful information from the results of previous analyses [67] . Meta-analysis of gene expression involves surveying microarray data across experiments to find the true effect of a treatment across different studies. One of the benefits of a metaanalysis is, hence, also one of the benefits of pooling raw data-increased power to detect significant differences. Combining estimates of differential expression has been found to be more accurate than estimating from individual experiments [68] . Meta-analyses have been used to identify 'Integration-Driven Revisions' (IDRs), genes identified as differentially expressed by multiple studies or labs, but determined by the results of a meta-analysis to be not differentially expressed. Such genes might be advanced by multiple groups for further study due to their large and significant 'effect size' [68] , while the meta-analysis concludes that, due to the inconsistencies in estimates across studies, the gene is not significantly differentially expressed. IDRs will, hence, tend to occur when there are large but inconsistent estimates. 'Integration-Driven Discoveries' (IDDs) have also been recovered when small but consistent effect size estimates were combined across studies to identify significant genes that were missed by individual studies. As the gene expression resources for Arabidopsis keep growing enormously, meta-analysis would greatly aid in refining the findings from a new experiment. The Meta-Analyzer utility in the tool Genevestigator [69] makes it possible to study the gene expression profiles of several genes simultaneously in the context of those in environmental stresses, organs and growth stages. In addition to just using known expression profiles, characterizing the overlap of the genes differentially expressed in previous experiments with those identified in a new gene expression comparison has been suggested [70] . Similar approaches have been previously used to identify, among other things, known expression signatures significantly overlapping with the newly identified ones [71, 72] .
Key Points
Mining of Arabidopsis gene expression profiles is being carried out to unravel the transcriptional regulatory programs underlying important biological processes. Integrative approaches are being sought to dissect global gene expression data by reconciling it with functional classification and regulatory sequence information. cis-regulatory modules that orchestrate the cellular response to a variety of conditions are being unearthed as coexpression clusters of genes corresponding to a biological process, which share a combination of regulatory elements in their promoter regions, and are associated with the corresponding transcription factor whenever possible. Systematic unification of these modules will pave the way for reconstructing a reference genome-scale regulatory network.
